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DIGITAL DELTA SIGMA MODULATOR AND 
APPLICATIONS THEREOF 

BACKGROUND OF THE INVENTION 

0001) 1. Technical Field of the Invention 
0002 This invention relates generally to wireless com 
munications and in particular to oscillation circuits that may 
be used to facilitate Such wireleSS communications. 

0003 2. Description of Related Art 
0004 Communication systems are known to support 
wireleSS and wire lined communications between wireleSS 
and/or wire lined communication devices. Such communi 
cation Systems range from national and/or international 
cellular telephone Systems to the Internet to point-to-point 
in-home wireleSS networks. Each type of communication 
System is constructed, and hence operates, in accordance 
with one or more communication Standards. For instance, 
wireleSS communication Systems may operate in accordance 
with one or more Standards including, but not limited to, 
IEEE 802.11, Bluetooth, advanced mobile phone services 
(AMPS), digital AMPS, global system for mobile commu 
nications (GSM), code division multiple access (CDMA), 
local multi-point distribution systems (LMDS), multi-chan 
nel-multi-point distribution systems (MMDS), and/or varia 
tions thereof. 

0005 Depending on the type of wireless communication 
System, a wireleSS communication device, Such as a cellular 
telephone, two-way radio, personal digital assistant (PDA), 
personal computer (PC), laptop computer, home entertain 
ment equipment, et cetera communicates directly or indi 
rectly with other wireless communication devices. For direct 
communications (also known as point-to-point communica 
tions), the participating wireless communication devices 
tune their receivers and transmitters to the same channel or 
channels (e.g., one of the plurality of radio frequency (RF) 
carriers of the wireless communication System) and com 
municate over that channel(s). For indirect wireless com 
munications, each wireleSS communication device commu 
nicates directly with an associated base Station (e.g., for 
cellular Services) and/or an associated access point (e.g., for 
an in-home or in-building wireless network) via an assigned 
channel. To complete a communication connection between 
the wireleSS communication devices, the associated base 
Stations and/or associated access points communicate with 
each other directly, via a System controller, via the public 
Switch telephone network, Via the Internet, and/or via Some 
other wide area network. 

0006 For each wireless communication device to par 
ticipate in wireleSS communications, it includes a built-in 
radio transceiver (i.e., receiver and transmitter) or is coupled 
to an associated radio transceiver (e.g., a station for in-home 
and/or in-building wireleSS communication networks, RF 
modem, etc.). AS is known, the transmitter includes a data 
modulation Stage, one or more intermediate frequency 
Stages, and a power amplifier. The data modulation Stage 
converts raw data into baseband Signals in accordance with 
a particular wireleSS communication Standard. The one or 
more intermediate frequency Stages mix the baseband Sig 
nals with one or more local oscillations to produce RF 
Signals. The power amplifier amplifies the RF signals prior 
to transmission via an antenna. 
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0007 AS is also known, the receiver is coupled to the 
antenna and includes a low noise amplifier, one or more 
intermediate frequency Stages, a filtering Stage, and a data 
recovery stage. The low noise amplifier receives inbound RF 
Signals via the antenna and amplifies then. The one or more 
intermediate frequency Stages mix the amplified RF signals 
with one or more local oscillations to convert the amplified 
RF signal into baseband Signals or intermediate frequency 
(IF) signals. The filtering stage filters the baseband Signals or 
the IF Signals to attenuate unwanted out of band Signals to 
produce filtered signals. The data recovery Stage recovers 
raw data from the filtered Signals in accordance with the 
particular wireleSS communication Standard. 
0008. The transceiver further includes a local oscillator 
generator (LO GEN) that produces the local oscillations 
used by the receiver Section and by the transmitter Section. 
Typically, the LO GEN will include a fractional-N Synthe 
sizer, which is capable of Synthesizing frequencies over 
wide bandwidths with narrow channel spacing. AS with most 
electronic devices, the demand for high performance uni 
Versal frequency Synthesizers is growing with the increasing 
performance and integration requirements of wireleSS com 
munications Systems. Such as cellular telephones and PDAS. 
The driving forces are lower cost, Smaller form factors, and 
lower power consumption for consumer end products. 
0009 AS is known, fractional-N phase locked loop (PLL) 
frequency Synthesis is a popular indirect frequency Synthesis 
method for high performance applications Such as cellular 
telephony due to its agility and the ability of Synthesizing 
frequencies over wide bandwidths with narrow channel 
spacing. For example, in GSM cellular telephony, one pair 
of RF bands, i.e., transmit and receive bands, consists of the 
frequencies 880.2 MHZ to 914.8 MHz and 925.3 Mhz to 
959.9 MHz, respectively. In these bands, the channel spac 
ing is 200 kHz. In addition, the GSM standard requires 
synthesizer settling to an absolute accuracy of 90 HZ within 
approximately 280 uS. 
0010. Such a fractional-N PLL frequency synthesizer 
may include a precise crystal oscillator providing a reference 
frequency, a phase and frequency detector (PFD), a charge 
pump (CP), a low pass loop filter (LPF), a voltage controlled 
oscillator (VCO), and a multiple divider blocks in the 
feedback path that each divide the incoming Signal by Some 
integer of either fixed or programmable value. Typically, the 
fixed dividers are in the front-end of the divider chain, while 
the programmable divider-also referred to as the multi 
modulus divider (MMD) is the last divider stage before the 
feedback signal is inputted to the PFD feedback terminal. 
Typically, the MMD is only capable of dividing by a small 
number of different integer divide values. 
0011 Two fixed divide-by-2 blocks allows for the syn 
thesizer to easily generate in-phase (I) and quadrature (Q) 
carrier signals in four different GSM bands, namely the 
bands around 850 MHz, 900 Mhz, 1800 Mhz, and 1900 
MHz, by tuning the VCO appropriately around 3.6 GHz. In 
fact, without the fixed divide-by-2 blocks, two separate 
VCOs would have to be employed to support this wide range 
of frequency tuning. The four RF bands of GSM are also 
referred to as the GSM850, GSM900, DCS, and PCS bands, 
respectively. 
0012. In a properly designed system, the feedback loop 
properties of the fractional-NPLL results in the VCO output 
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“locking to a frequency equal to the product of crystal 
oscillator reference frequency and the “average' divide ratio 
of the divider chain. A known method of generating an 
"average' divide ratio by Selecting from a few integer divide 
values is to employ an over-Sampling AX modulator to 
control the selection of divide ratios of the MMD. Internally, 
the MMD selects a certain integer divide ratio for the next 
cycle based on the integer output of the AX modulator. The 
Selection of a new divide ratio is triggered by a rising edge 
of the MMD output, and hence occurs with a rate approxi 
mately equal to the reference frequency. 
0013 Briefly, an all-digital AX modulator is capable of 
reproducing a high resolution constant input value, for 
example a 20-bit value, as the average of a long Sequence of 
coarse integer valued outputs, for example binary outputs. 
Specifically, on a Sample-by-sample basis, the coarse AX 
modulator output Selects the divide ratio for the next cycle. 
By alternating pseudo randomly between integer divide 
ratios, the AX modulator can effectively interpolate a frac 
tional division ratio with fine resolution Such that the fre 
quency resolution requirements of high performance appli 
cations, Such as cellular telephony, can be accommodated 
for. 

0.014 For example, suppose it is desired that the GSM 
output of the fractional-NPLL frequency synthesizer lock to 
a frequency of 890.0 MHz, and suppose that it employs a 26 
MHz crystal reference oscillator. It follows that the average 
divide ratio of the MMD must be equal to 890/26=34.2308 
... Thus, the “Channel Select” input to the AX modulator is 
the number 890/26 represented with high accuracy, for 
example 20 bits. It is the task of the AX modulator to output 
only integer valued Samples, corresponding to the available 
divide values of the MMD, in such a fashion that the average 
value of the outputs equals 890/26. This average divide ratio 
can be achieved in various ways. For example, if a AX 
modulator with binary output is employed, the MMD 
divides by 33 whenever the AX modulator output equals -1, 
and the MMD divides by 35 whenever the AX modulator 
output equals 1. The AX modulator chooses between the 
divide ratios 33 and 35 in such a pattern that the average 
ratio is 890/26 and such that the sample-by-sample error 
equal to the difference between the chosen integer divide 
value and the ratio 890/26-is modulated to predominantly 
occupy high frequencies. By providing this spectral shaping 
of the divide error, most of the error can be removed by the 
low pass loop filter (LPF), resulting in a high quality output 
oscillation, or, equivalently, an output oscillation with very 
little “phase noise', approximately as if the feedback path 
implemented a true fractional divider. 
0.015 For fractional-N PLL frequency synthesis, two 
types of AX modulators have been used. One is the So-called 
“single-quantizer'AX modulator and the other is the So 
called “MASH'AX modulator. For a single-quantizer AX 
modulators, the output is typically a few bits, but can be as 
coarse as a single bit. Further, the prior art AX modulator 
consists of three integrators and gains g, g- and ga coupled 
in a feedforward constellation. For the purposes of perfor 
mance analysis, the AX modulator is often represented in the 
linearized model. In this model, the quantization noise, qn), 
is modeled as a white, additive noise Source, uncorrelated 
with the input. The quantization noise transfer function, 
NTF, describes the transfer function between the outputyn 
and qn), i.e., NTF(z)=Y(z)/Q(z) and is used to-both 
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qualitatively and quantitatively-estimate the quantization 
noise floor at the AX modulator output. For the prior art AX 
modulator, it can be shown that the AX modulator yields an 
NTF that, for low frequencies, satisfies 

0016. Thus, three coincident Zeros at DC are present in 
the NTF, and hence quantization noise is rejected Strongly 
close to DC and increases monotonically for higher frequen 
cies. 

0017 For MASH AX modulators, the output is always 
multi-bit Since multiple quantizer outputs are combined to 
form the overall MASH AX modulator outputyn). Again, it 
can be shown that the NTF possesses three coincident Zeros 
at DC. 

0018 For wide-band fractional-NPLL frequency synthe 
sizers, the AX modulator architecture should be chosen 
carefully. In addition to the in-band noise Shaping, the out 
of-band shaped noise Substantially affects the Synthesizer 
phase noise performance. Comparing the noise shaping 
performance of the multi-bit Single-quantizer AX modulator 
and the MASH AX modulator, the former can achieve more 
desirable noise Shaping because of lower out-of-band noise 
power, but the latter represents a simpler, high-order AX 
modulator architecture with no stability problem. In addi 
tion, MASH AX modulators generate more wide-spread 
output patterns, and thus impose more Stringent require 
ments on the phase detector design. Widely spread AX 
modulator output value patterns make the Synthesizer more 
Sensitive to Substrate noise coupling Since the AX modulator 
turn-on time of the charge pump in the locked condition is 
larger than a AX modulator with fewer bit of output reso 
lution. With its Susceptibility to Substrate noise coupling, 
this phenomenon is particularly troublesome in CMOS 
implementations. Thus, to minimize Substrate noise cou 
pling, the output resolution of the AX modulator should 
ideally be single bit, Since this yields the Shortest turn-on 
time of the charge pump in locked condition. 
0019. Therefore, a need exists for a delta Sigma modu 
lator that produces a single bit output to reduce Susceptibility 
to Substrate noise coupling and improved quantized noise 
Shaping properties. 

BRIEF SUMMARY OF THE INVENTION 

0020. The digital delta Sigma modulator and applications 
thereof of the present invention Substantially meets these 
needs and others. In one embodiment, a digital delta Sigma 
modulator includes an input integration Stage, a resonating 
Stage, a quantizer and feedback paths from the quantizer to 
the integration Stage and the resonating Stage. The input 
integration Stage is operably coupled to integrate a digital 
input Signal to produce an integrated digital Signal, wherein 
the input integration Stage has a pole at Substantially Zero 
Hertz. The resonating Stage is operably coupled to resonate 
the integrated digital Signal to produce a resonating digital 
Signal, wherein the resonating Stage has poles at a frequency 
above Zero Hertz. The quantizer Stage is operably coupled to 
produce a quantized signal from the resonating digital 
Signal. 

0021. In another embodiment, a fractional-N frequency 
Synthesizer includes a phase and frequency detection mod 
ule, a charge pump, a loop filter, a Voltage controlled 
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oscillation module, and a feedback module. The feedback 
module includes a multi-modulus divider module and a delta 
Sigma control module, wherein the delta Sigma control 
module includes an input integration Stage, a resonating 
Stage, and a quantizer Stage. The phase and frequency 
detection module is operably coupled to produce a differ 
ence Signal from at least one of phase differences and 
frequency differences between a reference oscillation and a 
feedback oscillation. The charge pump is operably coupled 
to convert the difference Signal into a current signal. The 
loop filter is operably coupled to convert the current Signal 
into a control Voltage. The Voltage controlled oscillation 
module is operably coupled to convert the control Voltage 
into an output oscillation. The feedback module is operably 
coupled to produce the feedback oscillation from the output 
oscillation. The input integration Stage is operably coupled 
to integrate a digital input signal to produce an integrated 
digital Signal, wherein the input integration Stage has a pole 
at Substantially Zero Hertz. The resonating Stage is operably 
coupled to resonate the integrated digital signal to produce 
a resonating digital signal, wherein the resonating Stage has 
poles at a frequency above Zero Hertz. The quantizer Stage 
is operably coupled to produce a quantized Signal from the 
resonating digital Signal. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

DETAILED DESCRIPTION OF THE 
INVENTION 

0022 FIG. 1 is a schematic block diagram illustrating a 
communication System 10 that includes a plurality of base 
Stations and/or acceSS points 12-16, a plurality of wireleSS 
communication devices 18-32 and a network hardware 
component 34. The wireless communication devices 18-32 
may be laptop host computers 18 and 26, personal digital 
assistant hosts 20 and 30, personal computer hosts 24 and 32 
and/or cellular telephone hosts 22 and 28. The details of the 
wireleSS communication devices will be described in greater 
detail with reference to FIG. 2. 

0023 The base stations or access points 12-16 are oper 
ably coupled to the network hardware 34 via local area 
network connections 36, 38 and 40. The network hardware 
34, which may be a router, Switch, bridge, modem, System 
controller, etcetera provides a wide area network connection 
42 for the communication system 10. Each of the base 
Stations or access points 12-16 has an associated antenna or 
antenna array to communicate with the wireleSS communi 
cation devices in its area. Typically, the wireleSS communi 
cation devices register with a particular base Station or 
access point 12-14 to receive Services from the communi 
cation System 10. For direct connections (i.e., point-to-point 
communications), wireless communication devices commu 
nicate directly via an allocated channel. 
0024 Typically, base stations are used for cellular tele 
phone Systems and like-type Systems, while access points 
are used for in-home or in-building wireleSS networkS. 
Regardless of the particular type of communication System, 
each wireleSS communication device includes a built-in 
radio and/or is coupled to a radio. 
0.025 FIG. 2 is a schematic block diagram illustrating an 
integrated radio circuit 50 of a wireleSS communication 
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device 18-32. The integrated radio circuit 50 includes the 
host device 52 and an associated radio. For cellular tele 
phone hosts, the associated radio is a built-in component of 
the wireleSS communication device. For personal digital 
assistants hosts, laptop hosts, and/or personal computer 
hosts, the associated radio may be built-in or an externally 
coupled component. 

0026. The host device 52 may include a processing 
module, memory, a radio interface, an input interface, and an 
output interface. The processing module and memory 
execute the corresponding instructions that are typically 
done by the host device. For example, for a cellular tele 
phone host device, the processing module performs the 
corresponding communication functions in accordance with 
a particular cellular telephone Standard. 

0027. The radio interface allows data to be received from 
and Sent to the associated radio. For data received from the 
associated radio (e.g., inbound data), the radio interface 
provides the data to the processing module for further 
processing and/or routing to the output interface. The output 
interface provides connectivity to an output display device 
Such as a display, monitor, Speakers, etcetera Such that the 
received data may be displayed. The radio interface also 
provides data from the processing module to the associated 
radio. The processing module may receive the outbound data 
from an input device Such as a keyboard, keypad, micro 
phone, etcetera via the input interface or generate the data 
itself. For data received via the input interface, the process 
ing module may perform a corresponding host function on 
the data and/or route it to the radio via the radio interface. 

0028. The associated radio includes a baseband process 
ing module 54, a receiver Section 56, a transmitter Section 
58, a transmit/receive (T/R) Switch module 60, a local 
oscillator 62, and one or more antennas. The receiver Section 
56 includes a low noise amplifier 64, programmable gain 
amplifier 66, down conversion mixer 68, low pass filter 70 
and analog-to-digital converter 72. The transmitter Section 
58 includes a digital-to-analog converter 74, low pass filter 
76, up-conversion mixing module 78, and a power amplifier 
80. The local oscillator 62 includes a phase and frequency 
detection module 82, a charge pump 84, loop filter 86, 
voltage controlled oscillator 88, local oscillator adjust mod 
ule 92, modulus divider module 92, Delta Sigma module 94 
and a channel select module 96. 

0029. The baseband processing module 54 may be a 
Single processing device or a plurality of processing devices 
and have associated memory. Such a processing device may 
be a microprocessor, micro-controller, digital Signal proces 
Sor, microcomputer, central processing unit, field program 
mable gate array, programmable logic device, State machine, 
logic circuitry, analog circuitry, digital circuitry, and/or any 
device that manipulates signals (analog and/or digital) based 
on operational instructions. The associated memory may be 
a single memory device or a plurality of memory devices. 
Such a memory device may be a read-only memory, random 
acceSS memory, Volatile memory, non-volatile memory, 
Static memory, dynamic memory, flash memory, cache 
memory, and/or any device that Stores digital information. 
Note that when the processing module 54 implements one or 
more of its functions via a State machine, analog circuitry, 
digital circuitry, and/or logic circuitry, the associated 
memory Storing the corresponding operational instructions 
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may be embedded within, or external to, the circuitry 
comprising the State machine, analog circuitry, digital cir 
cuitry, and/or logic circuitry. 
0.030. In operation, the baseband processing module 54 
receives outbound data 104 from the host device 52 and 
converts it into outbound baseband data 106 in accordance 
with one or more wireless communication Standards (e.g., 
Bluetooth, GSM, IEEE 802.11x). The digital-to-analog con 
verter 74 converts the outbound baseband data or signals 
106 into analog signals. The low pass filter 76 filters the 
analog signals and provides them to the up-converting 
mixing module 78. The mixing module 78 mixes the analog 
signals with a transmit local oscillation 112 to produce RF 
signals. The power amplifier80 amplifies the RF signals to 
produce outbound RF signals 108. The T/R Switch module 
60 provides the outbound RF signals 108 to the one or more 
antennas for transmission to other wireleSS communication 
devices. 

0031. In a receive mode, the T/R switch module 60 
receives inbound RF signals 98 via the one or more antennas 
and provides them to the low noise amplifier 64 of receiver 
section 56. The low noise amplifier 64 amplifies the inbound 
RF signals 98 and provides the amplified signals to the 
programmable gain amplifier 66. The programmable gain 
amplifier 66 further amplifies the signals and provides the 
amplified Signals to the down conversion mixing modules 
68. The down conversion mixing module 68 mixes the 
amplified RF signals 98 with a receive local oscillation 110 
to produce baseband or low IF analog signals. The low pass 
filter 70 filters the baseband analog signals and/or low IF 
Signals and provides the filtered Signals to the analog-to 
digital converter 72. The analog-to-digital converter 72 
converts the Signals into the digital domain to produce the 
inbound baseband signals 100. The baseband processing 
module 54 converts the inbound baseband signals 100 into 
inbound data 102 in accordance with one or more wireless 
communication Standards. 

0.032 The local oscillator 62 functions to produce the 
receive local oscillation 110 and transmit local oscillation 
112. The particular frequencies of the receive and transmit 
local oscillations 110 and 112 may be adjusted via the 
channel select module 96. 

0033. In operation, the phase and frequency detector 
(PFD) module 82 generates an up-signal or down-signal 
based on phase and/or frequency differences between a 
reference oscillation 114 and a feedback oscillation 116. The 
charge pump (CP) 84 converts the up-signal and/or down 
signal into a current. The loop filter (LF) 86 converts the 
current into a control Voltage. The Voltage controlled oscil 
lator (VCO) 88 converts the control voltage into an oscil 
lation. The LO adjust module 90 may include one or more 
dividers and/or multipliers to change the rate of the output 
oscillation of the VCO 88 to produce the corresponding local 
oscillations 110 and 112. 

0034) To produce the feedback oscillation 116, the modu 
lus divider 92 divides the output oscillation of the VCO 88 
by a particular integer divider value. The divider value may 
be produced by the Delta Sigma modulator 94 based on a 
signal produced by the channel select module 96. The Delta 
Sigma modulator 94 will be described in greater detail with 
reference to FIGS. 3, 4 and 6. 
0035) In one embodiment, the local oscillator 62 may 
include a fractional-NPLL frequency synthesizer for appli 
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cation in a quad-band GSM/GPRS/EDGE cellular trans 
ceiver chip. The example fractional-NPLL frequency syn 
thesizer includes a precise 26 MHz crystal oscillator 
providing a reference frequency, a phase and frequency 
detector (PFD), a charge pump (CP), a low pass loop filter 
(LF), a voltage controlled oscillator (VCO), and the LO 
adjust module 90 including two fixed divide-by-2 blocks 
that divide the VCO oscillation from the range around 3.6 
GHz to the range around 1.8 GHz and the range around 900 
MHz, respectively. This is followed by a multi-modulus 
divider (MMD) 92 which, during operation in a given 
channel, Selectively divides the feedback signal by two 
different integer values. 
0036). In this example, the phase and frequency detector 
(PFD) 82 may include two reset-able flip-flops coupled to an 
AND gate in a feedback loop. ASSuming that the input 
Signals (i.e., the reference oscillation to one flip-flop and the 
feedback oscillation to the other) to the respective flip-flops 
are appropriate for driving digital circuitry, the operation of 
the PFD is as follows. After reset, the outputs of each flip 
flop (UP and DN) are LOW, or 0. When the reference 
oscillation goes HIGH, or 1, the UP output goes HIGH. 
When the feedback oscillation goes HIGH, the DN output 
goes HIGH momentarily, resulting in a positive edge at the 
AND gate output. This edge resets the two flip-flops to the 
initial state (UPDN)=(0,0). Thus, any phase difference 
between the two input signals results in the PFD residing in 
the state (UPDN)=(1,0) for a duration of time proportional 
to the phase difference between IN1 and IN2. Similarly, any 
difference in frequency between the two input signals results 
in the PFD residing in either the state (UPDN)=(1,0) or the 
state (UPDN)=(0,1), depending upon the sign of the fre 
quency difference. 
0037. In this example, the charge pump responds to the 
(UPDN) control signals of the PFD by either “pumping” 
current into the loop filter or moving current out of the filter 
and “pumping it into ground. The charge pump consists of 
two equally weighted current Sources, each with a nominal 
output current I, in an arrangement with two Switches 
controlled by UP and DN. Thus, it follows that the CP 
essentially functions as an asynchronously clocked digital 
to-analog converter (DAC) whose nominal output y(t) 
depends upon the digital inputs UP and DN such that 

0038. It follows from the above discussion of the PFD 
and the CP that under nominal conditions, current pulses 
proportional to either a phase or a frequency difference 
between the reference and the feedback Signals are gener 
ated by the PFD/CP combination. The action of the closed 
feedback loop is to cause the feedback Signal to eventually 
settle such that both signals are “locked” in both phase and 
frequency. The degree to which deviations away from the 
locked State are allowed depends upon the Sharpness of the 
loop filter and contributes to the amount of phase noise in the 
output; a Sharper loop filter results in leSS phase noise at the 
expense of an increased loop Settling time. ESSentially, the 
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loop Settling time is the amount of time it takes for the loop 
to Settle accurately when changing from channel to channel, 
a topic covered in more detail in a later Section. 
0039) Note that this example may be represented as a 
linearized model to demonstrate the effective signal proceSS 
ing performed by the phase locked loop on the input referred 
signal as it is translated to the RF. Note that both the crystal 
reference signal and the feedback Signal with the AX modu 
lated divider constitute input-referred signals. In this model, 
ON denotes the input phase (i.e., the crystal reference) and 
0Dos Pos and eosMssoooo denote the Outputs in the four 
bands. In this model, the PFD/charge pump configuration is 
represented as a gain, i, the VCO is represented as a gain 
and an integrator, Kvoo, and 1/s, respectively, and the 
multi-modulus divider is represented as a fixed divide-by-N 
with and additive noise Source, 0A, representing the divide 
error. Applying Standard linear System analysis, the transfer 
functions, denoted HDos Pos(s) and HosMssoooo(s), 
between the RF outputs in the DCS/PCS and GSM850/900 
bands, respectively, and input can be expressed in terms of 
charge pump current, i.e., loop components, VCO Sensitiv 
ity, K, and divide ratios. Specifically, defining 
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cetera. Based on a phase and/or frequency difference, the 
phase and frequency detection module 82 produces a dif 
ferent Signal 132 that includes an up-component and a 
down-component. 

0046) The charge pump 84 converts the difference signal 
132 into a current signal 134. The loop filter 86 converts the 
current signal 134 into a control voltage 136. The VCO 88 
converts the control voltage 136 into outbound RF signals 
108. The power amplifier 80 amplifies the outbound RF 
signals 108 to produce RF outbound signals 108. 
0047. The modulus divider 92 produces the feedback 
oscillation 130 by dividing the frequency of the outbound 
RF signals 108 by a divider value, which includes a frac 
tional component produced by the Delta Sigma modulator 
94. 

0048. To produce the fractional component, the Delta 
Sigma modulator 94 receives a digital input 138 from the 
channel select module 96 and utilizes the feedback oscilla 
tion 130 as a clock signal. The integration Stage 122 inte 
grates the digital input 138 to produce an integrated digital 
signal 140. The resonating stage 124, which will be 

described in greater detail with reference to FIG. 4, reso 
nates the integrated digital Signal 140 to produce a resonat 
ing digital Signal 142. The quantizer 126 quantizes the 

P C2 R2s + 1 
(S) = CCC. R. R3s + (CCR3 + CCR + C2C3 R + C C Rs)S + (C + C + C) 

in S + 1 
d2s2 -- dS -- do 

0040) and 
Kov=icPXKvco, M=4XN 

0041 it can be shown that 

Key (nis + 1) 
H ---- DCSPCs) M4s Md.3 M42 1. Kns - 1) 

0042 
Hos M850/900 (S) =2HDcs/Pcs (S) 

0043. Subsequently, the transfer functions Hespes(S) 
and HosMissoooo.(S) will be referred to as the PLL signal 
filter, independent of exactly which RF band is being con 
sidered. 

0044 FIG. 3 is a schematic block diagram of a radio 
frequency transmitter 120 that includes the phase and fre 
quency detection module 82, charge pump 84, loop filter 86, 
VCO 88, power amplifier80, modulus divider 92, the Delta 
Sigma modulator 94 and the channel select module 96. The 
Delta Sigma modulator 94 includes an integration Stage 122, 
resonating Stage 124, and a quantizer 126. 

0.045. In operation, the phase and/or frequency detection 
module 82 compares the phase and frequency of a modu 
lated input signal 128 with a feedback oscillation 130. The 
modulated input signal 128 may be received from the 
digital-to-analog converter 72 wherein the modulated input 
126 is modulated in accordance with one or more wireleSS 
communication Standards including GSM, Bluetooth, et 

and thus 

resonating digital Signal 142 to produce a quantized signal 
144, which provides the fractional component to the modu 
lus divider 92. 

0049 FIG. 4 is a schematic block diagram of a fractional 
N frequency synthesizer 150 that includes the phase and 
frequency detection module 82, the charge pump 84, the 
loop filter 86, the voltage controlled oscillator 88, the 
modulus divider 92, a delta Sigma modulator. The delta 
sigma modulator includes a subtraction module 158, the 
integration Stage 122, the resonating Stage 124, a Summing 
module 178, the quantizer 126, a dither module 180, and 
feedback gain modules 182, 184, 186. The integration stage 
122 includes a digital integrator 162 and again module 164. 
The resonating Stage 124 includes a first Subtraction module 
166, a first digital integrator 168, a first gain module 170, a 
Second Subtraction module 172, a Second digital integrator 
174, and a feedback gain module 176. The operation of the 
phase and frequency detection module 82, the charge pump 
84, the loop filter 86, the voltage controlled oscillator 88, the 
modulus divider 92 is as previously discussed. 
0050. The digital input 138, which may also be referred 
to as a fractional input, which may be a high-resolution 
digital word, for example 20 bits of resolution, and through 
appropriate modulation of the AX modulator is converted to 
a Sequence of +1S and -1S whose time-average equals the 
value of the fractional input. To achieve this, the subtraction 
module 158 subtracts a feedback signal from the digital 
input 138. The feedback signal is produced by gain module 
186 as a gained representation of the AX modulator output. 
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The integration Stage 122 receives the output of the Sub 
traction module 158 and integrates it via the digital integra 
tor 162 and then adjusts the gain of the integrated Signal via 
the gain module 164. 
0051. The resonating stage 124 receives the output of the 
integration Stage 122 and produces therefrom a resonated 
Signal. AS shown, the resonating Stage 124 includes the two 
digital integrators 168 and 174 (which may be represented as 
I and I) and gain modules 170 and 176 (which may be 
represented as g and g) coupled in a feedback constella 
tion. It can be shown that incorporating Such a resonating 
stage 124 in the AX modulator yields an NTF that, for low 
frequencies, Satisfies 

0.052 Factorizing the second term in the above expres 
Sion, 

NTF(z)ox (1-z)(1(1-jvggs)Z')(1-(1+jvggs)Z'). 
0053 Thus, the NTF has zeros at 

0054. It follows that choosing g and g- appropriately 
allows for Zeros that do not coincide with DC. This can be 
used to improve the Signal-to-noise ratio of the invention AX 
modulator. In addition, the resonating Stage of the AX 
modulator tends to keep the quantizer input more “busy 
which, in turn, improves the randomness of the quantization 
noise, resulting in reduced tendency to generate Spurs in the 
output signal. Further, the dither module 180 generates an 
appropriate amount of dither to prevent the AX modulator 
from generating undesired Spurious contents in the output. 
0055 FIG. 5 is a schematic block diagram of another 
embodiment of the Delta Sigma modulator 190 that includes 
the integration Stage 122, a plurality of resonating Stages 
124-124N, the quantizer 126 with its output coupled to the 
modulus divider 92, and a plurality of feedback paths to the 
integration Stage and the resonating Stage. In this embodi 
ment, the plurality of resonating Stages 124-124N provide 
extra non-DC poles which, for the transfer function of the 
fractional-N Synthesizer provides non-DC Zeros. 
0056 FIG. 6 is a graph of the quantization noise transfer 
function of the fractional-N Synthesizer of the prior art, the 
fractional-N Synthesizer including Delta Sigma modulator 
94 and the fractional-N Synthesizer including the Delta 
Sigma modulator 190. As shown, the prior art curve has its 
Zero's all at DC thus producing the noise transfer function as 
shown. 

0057 By including the resonating circuit in the Delta 
Sigma modulator 94, one or more Zeros may be moved from 
DC (e.g., to 40 KHZ), to produce the noise transfer curve as 
shown in response to the Delta Sigma modulator 94. 
0.058 By adding a plurality of resonating stages in the 
Delta Sigma modulator as shown in FIG. 5, multiple Zeros 
at non-DC may be added to the quantization noise transfer 
function as shown with respect to the response of Delta 
Sigma modulator 190. 
0059. As one of average skill in the art will appreciate, 
the term “substantially” or “approximately”, as may be used 
herein, provides an industry-accepted tolerance to its corre 
sponding term and/or relativity between items. Such an 
industry-accepted tolerance ranges from leSS than one per 
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cent to twenty percent and corresponds to, but is not limited 
to, component values, integrated circuit process variations, 
temperature variations, rise and fall times, and/or thermal 
noise. Such relativity between items ranges from a differ 
ence of a few percent to magnitude differences. AS one of 
average skill in the art will further appreciate, the term 
“operably coupled', as may be used herein, includes direct 
coupling and indirect coupling via another component, 
element, circuit, or module where, for indirect coupling, the 
intervening component, element, circuit, or module does not 
modify the information of a signal but may adjust its current 
level, Voltage level, and/or power level. AS one of average 
skill in the art will also appreciate, inferred coupling (i.e., 
where one element is coupled to another element by infer 
ence) includes direct and indirect coupling between two 
elements in the same manner as “operably coupled'. AS one 
of average skill in the art will further appreciate, the term 
“compares favorably', as may be used herein, indicates that 
a comparison between two or more elements, items, Signals, 
etc., provides a desired relationship. For example, when the 
desired relationship is that Signal 1 has a greater magnitude 
than Signal 2, a favorable comparison may be achieved when 
the magnitude of Signal 1 is greater than that of Signal 2 or 
when the magnitude of Signal 2 is less than that of Signal 1. 
0060. The preceding discussion has presented a digital 
delta Sigma modulator having improved signal-to-noise 
ratios, which, when incorporated in a fractional N frequency 
Synthesizer improves the Synthesizer's performance as well. 
AS one of average skill in the art will appreciate, other 
embodiments may be derived from the teachings of the 
present invention without deviating from the Scope of the 
claims. 

What is claimed is: 
1. A digital delta Sigma modulator comprises: 
an input integration Stage operably coupled to integrate a 

digital input Signal to produce an integrated digital 
Signal, wherein the input integration Stage has a pole at 
Substantially Zero Hertz; 

a resonating Stage operably coupled to resonate the inte 
grated digital signal to produce a resonating digital 
Signal, wherein the resonating Stage has poles at a 
frequency above Zero Hertz, and 

quantizer Stage operably coupled to produce a quantized 
Signal from the resonating digital Signal. 

2. The digital delta Sigma modulator of claim 1, wherein 
the input integration Stage comprises: 

a digital integrator operably coupled to integrate the 
digital input signal to produce an integration output; 
and 

a gain module operably coupled to adjust magnitude of 
the integration output to produce the integrated digital 
Signal. 

3. The digital delta sigma modulator of claim 2 further 
comprises: 

a feedback gain module operably coupled to adjust mag 
nitude of the quantized signal to produce a first feed 
back Signal; and 

Subtraction module operably coupled to Subtract the first 
feedback signal from an input to produce the digital 
input Signal. 
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4. The digital delta Sigma modulator of claim 1, wherein 
the resonating Stage comprises: 

a Subtraction module operably coupled to Subtract a 
resonating feedback Signal from the integrated digital 
Signal to produce a first digital signal; 

a first integration Stage operably coupled to integrate the 
first resonating digital Signal to produce a first inte 
grated resonating digital Signal; 

again Stage operably coupled to adjust magnitude of the 
first resonating integrated digital Signal to produce a 
Second resonating digital signal; 

a Second integration Stage operably coupled to integrate 
the Second resonating digital Signal to produce the 
resonating digital Signal; and 

a resonating feedback gain module operably coupled to 
adjust magnitude of the resonating digital Signal to 
produce the resonating feedback Signal, wherein fre 
quency of the poles of the resonating circuit is based on 
digital gain of the gain Stage and the resonating feed 
back gain Stage. 

5. The digital delta Sigma modulator of claim 4 further 
comprises: 

a first feedback gain module operably coupled to adjust 
magnitude of the quantized signal to produce a first 
feedback Signal, wherein the Subtraction module fur 
ther Subtracts the first back signal from the integrated 
digital signal to produce the first digital signal; 

a Second feedback gain module operably coupled to adjust 
the magnitude of the quantized signal to produce a 
Second feedback Signal; and 

a Second Subtraction module operably coupled to Subtract 
the Second feedback Signal from an output of the gain 
Stage to produce the Second resonating digital Signal. 

6. The digital delta Sigma modulator of claim 1, wherein 
the quantizer comprises: 

a dither module operably coupled to generate a dither 
digital signal; 

an addition module operably coupled to add the dither 
digital Signal and the resonating digital Signal to pro 
duce a dithered resonating digital Signal; and 

a Single-bit quantizer operably coupled to produce the 
quantized signal from dithered resonating digital Sig 
nal. 

7. The digital delta Sigma modulator of claim 1 further 
comprises: 

a Second resonating Stage operably coupled to resonate 
the resonating digital Signal to produce a Second reso 
nating digital Signal, wherein the Second resonating 
Stage has poles at a frequency above Zero Hertz and at 
different frequencies than the frequencies of the poles 
of the first resonating Stage, and wherein the quantizer 
Stage quantizes the Second resonating digital Signal to 
produce the quantized signal. 

8. A fractional-N frequency Synthesizer comprises: 
a phase and frequency detection module operably coupled 

to produce a difference Signal from at least one of phase 
differences and frequency differences between a refer 
ence oscillation and a feedback oscillation; 
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a charge pump operably coupled to convert the difference 
Signal into a current signal; 

a loop filter operably coupled to convert the current Signal 
into a control Voltage; 

a Voltage controlled oscillation module operably coupled 
to convert the control Voltage into an output oscillation; 

a feedback module operably coupled to produce the 
feedback oscillation from the output oscillation, 
wherein the feedback module includes a multi-modulus 
divider module and a delta Sigma control module, 
wherein the delta Sigma control module includes: 
an input integration Stage operably coupled to integrate 

a digital input signal to produce an integrated digital 
Signal, wherein the input integration Stage has a pole 
at Substantially Zero Hertz; 

a resonating Stage operably coupled to resonate the 
integrated digital Signal to produce a resonating 
digital Signal, wherein the resonating Stage has poles 
at a frequency above Zero Hertz, and 

quantizer Stage operably coupled to produce a quan 
tized signal from the resonating digital signal. 

9. The fractional-N frequency synthesizer of claim 8, 
wherein the input integration Stage comprises: 

a digital integrator operably coupled to integrate the 
digital input signal to produce an integration output; 
and 

a gain module operably coupled to adjust magnitude of 
the integration output to produce the integrated digital 
Signal. 

10. The fractional-N frequency synthesizer of claim 9 
further comprises: 

a feedback gain module operably coupled to adjust mag 
nitude of the quantized signal to produce a first feed 
back Signal; and 

Subtraction module operably coupled to Subtract the first 
feedback signal from an input to produce the digital 
input Signal. 

11. The fractional-N frequency synthesizer of claim 8, 
wherein the resonating Stage comprises: 

a Subtraction module operably coupled to Subtract a 
resonating feedback Signal from the integrated digital 
Signal to produce a first digital signal; 

a first integration Stage operably coupled to integrate the 
first resonating digital Signal to produce a first inte 
grated resonating digital Signal; 

again Stage operably coupled to adjust magnitude of the 
first resonating integrated digital Signal to produce a 
Second resonating digital signal; 

a Second integration Stage operably coupled to integrate 
the Second resonating digital Signal to produce the 
resonating digital Signal; and 

a resonating feedback gain module operably coupled to 
adjust magnitude of the resonating digital Signal to 
produce the resonating feedback Signal, wherein fre 
quency of the poles of the resonating circuit is based on 
digital gain of the gain Stage and the resonating feed 
back gain Stage. 
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12. The fractional-N frequency synthesizer of claim 11 
further comprises: 

a first feedback gain module operably coupled to adjust 
magnitude of the quantized signal to produce a first 
feedback Signal, wherein the Subtraction module fur 
ther Subtracts the first back signal from the integrated 
digital signal to produce the first digital signal; 

a Second feedback gain module operably coupled to adjust 
the magnitude of the quantized signal to produce a 
Second feedback Signal; and 

a Second Subtraction module operably coupled to Subtract 
the Second feedback Signal from an output of the gain 
Stage to produce the Second resonating digital Signal. 

13. The fractional-N frequency synthesizer of claim 8, 
wherein the quantizer comprises: 

a dither module operably coupled to generate a dither 
digital signal; 

an addition module operably coupled to add the dither 
digital Signal and the resonating digital Signal to pro 
duce a dithered resonating digital Signal; and 

a Single-bit quantizer operably coupled to produce the 
quantized signal from dithered resonating digital Sig 
nal. 

14. The fractional-N frequency synthesizer of claim 8 
further comprises: 

a second resonating stage operably coupled to resonate 
the resonating digital Signal to produce a Second reso 
nating digital Signal, wherein the Second resonating 
Stage has poles at a frequency above Zero Hertz and at 
different frequencies than the frequencies of the poles 
of the first resonating Stage, and wherein the quantizer 
Stage quantizes the Second resonating digital Signal to 
produce the quantized signal. 

15. An integrated radio circuit comprises: 
a transmitter Section operably coupled to convert out 
bound baseband Signals into outbound radio frequency 
(RF) signals based on a transmit local oscillation; 

a receiver Section operably coupled to convert inbound 
RF signals into inbound baseband Signals based on a 
receive local oscillation; and 

a local oscillation generation module operably coupled to 
produce the transmit local oscillation and the receive 
local oscillation, wherein the local oscillation genera 
tion module includes: 

a phase and frequency detection module operably 
coupled to produce a difference Signal from at least 
one of phase differences and frequency differences 
between a reference oscillation and a feedback oscil 
lation; 

a charge pump operably coupled to convert the differ 
ence Signal into a current signal; 

a loop filter operably coupled to convert the current 
Signal into a control Voltage; 

a Voltage controlled oscillation module operably 
coupled to convert the control Voltage into an output 
oscillation, wherein the transmit and receive local 
oscillations are derived from the output OScillation; 
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a feedback module operably coupled to produce the 
feedback oscillation from the output oscillation, 
wherein the feedback module includes a multi 
modulus divider module and a delta Sigma control 
module, wherein the delta Sigma control module 
includes: 

an input integration Stage operably coupled to inte 
grate a digital input Signal to produce an integrated 
digital Signal, wherein the input integration Stage 
has a pole at Substantially Zero Hertz, 

a resonating Stage operably coupled to resonate the 
integrated digital Signal to produce a resonating 
digital Signal, wherein the resonating Stage has 
poles at a frequency above Zero Hertz, and 

quantizer Stage operably coupled to produce a quan 
tized signal from the resonating digital Signal. 

16. The integrated radio circuit of claim 15, wherein the 
input integration stage comprises: 

a digital integrator operably coupled to integrate the 
digital input signal to produce an integration output; 
and 

a gain module operably coupled to adjust magnitude of 
the integration output to produce the integrated digital 
Signal. 

17. The integrated radio circuit of claim 16 further com 
prises: 

a feedback gain module operably coupled to adjust mag 
nitude of the quantized signal to produce a first feed 
back Signal; and 

Subtraction module operably coupled to Subtract the first 
feedback signal from an input to produce the digital 
input Signal. 

18. The integrated radio circuit of claim 15, wherein the 
resonating Stage comprises: 

a Subtraction module operably coupled to Subtract a 
resonating feedback Signal from the integrated digital 
Signal to produce a first digital signal; 

a first integration Stage operably coupled to integrate the 
first resonating digital Signal to produce a first inte 
grated resonating digital Signal; 

again Stage operably coupled to adjust magnitude of the 
first resonating integrated digital Signal to produce a 
Second resonating digital signal; 

a Second integration Stage operably coupled to integrate 
the Second resonating digital Signal to produce the 
resonating digital Signal; and 

a resonating feedback gain module operably coupled to 
adjust magnitude of the resonating digital Signal to 
produce the resonating feedback Signal, wherein fre 
quency of the poles of the resonating circuit is based on 
digital gain of the gain Stage and the resonating feed 
back gain Stage. 

19. The integrated radio circuit of claim 18 further com 
prises: 

a first feedback gain module operably coupled to adjust 
magnitude of the quantized signal to produce a first 
feedback Signal, wherein the Subtraction module fur 
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ther Subtracts the first back signal from the integrated 
digital signal to produce the first digital signal; 

a Second feedback gain module operably coupled to adjust 
the magnitude of the quantized signal to produce a 
Second feedback Signal; and 

a Second Subtraction module operably coupled to Subtract 
the Second feedback Signal from an output of the gain 
Stage to produce the Second resonating digital Signal. 

20. The integrated radio circuit of claim 15, wherein the 
quantizer comprises: 

a dither module operably coupled to generate a dither 
digital signal; 

an addition module operably coupled to add the dither 
digital Signal and the resonating digital Signal to pro 
duce a dithered resonating digital Signal; and 

a Single-bit quantizer operably coupled to produce the 
quantized signal from dithered resonating digital Sig 
nal. 

21. The integrated radio circuit of claim 15 further com 
prises: 

a Second resonating Stage operably coupled to resonate 
the resonating digital Signal to produce a Second reso 
nating digital Signal, wherein the Second resonating 
Stage has poles at a frequency above Zero Hertz and at 
different frequencies than the frequencies of the poles 
of the first resonating stage, and wherein the quantizer 
Stage quantizes the Second resonating digital Signal to 
produce the quantized signal. 

22. A radio frequency (RF) transmitter comprises: 
a phase and frequency detection module operably coupled 

to produce a difference Signal from at least one of phase 
differences and frequency differences between a modul 
lated input signal and a feedback oscillation; 

a charge pump operably coupled to convert the difference 
Signal into a current signal; 

a loop filter operably coupled to convert the current Signal 
into a control Voltage; 

a Voltage controlled oscillation module operably coupled 
to convert the control voltage into radio frequency (RF) 
Signals; 

a feedback module operably coupled to produce the 
feedback oscillation from the RF signals, wherein the 
feedback module includes a multi-modulus divider 
module and a delta Sigma control module, wherein the 
delta Sigma control module includes: 
an input integration Stage operably coupled to integrate 

a digital input signal to produce an integrated digital 
Signal, wherein the input integration Stage has a pole 
at Substantially Zero Hertz; 

a resonating Stage operably coupled to resonate the 
integrated digital Signal to produce a resonating 
digital Signal, wherein the resonating Stage has poles 
at a frequency above Zero Hertz, and 

quantizer Stage operably coupled to produce a quan 
tized signal from the resonating digital signal. 

23. The RF transmitter of claim 22, wherein the input 
integration Stage comprises: 

Dec. 1, 2005 

a digital integrator operably coupled to integrate the 
digital input signal to produce an integration output; 
and 

a gain module operably coupled to adjust magnitude of 
the integration output to produce the integrated digital 
Signal. 

24. The RF transmitter of claim 23 further comprises: 
a feedback gain module operably coupled to adjust mag 

nitude of the quantized signal to produce a first feed 
back Signal; and 

Subtraction module operably coupled to Subtract the first 
feedback signal from an input to produce the digital 
input Signal. 

25. The RF transmitter of claim 22, wherein the resonat 
ing Stage comprises: 

a Subtraction module operably coupled to Subtract a 
resonating feedback Signal from the integrated digital 
Signal to produce a first digital signal; 

a first integration Stage operably coupled to integrate the 
first resonating digital Signal to produce a first inte 
grated resonating digital Signal; 

again Stage operably coupled to adjust magnitude of the 
first resonating integrated digital Signal to produce a 
Second resonating digital signal; 

a second integration stage operably coupled to integrate 
the Second resonating digital Signal to produce the 
resonating digital Signal; and 

a resonating feedback gain module operably coupled to 
adjust magnitude of the resonating digital Signal to 
produce the resonating feedback Signal, wherein fre 
quency of the poles of the resonating circuit is based on 
digital gain of the gain Stage and the resonating feed 
back gain Stage. 

26. The RF transmitter of claim 25 further comprises: 
a first feedback gain module operably coupled to adjust 

magnitude of the quantized signal to produce a first 
feedback Signal, wherein the Subtraction module fur 
ther Subtracts the first back signal from the integrated 
digital Signal to produce the first digital signal; 

a Second feedback gain module operably coupled to adjust 
the magnitude of the quantized signal to produce a 
Second feedback Signal; and 

a Second Subtraction module operably coupled to Subtract 
the Second feedback Signal from an output of the gain 
Stage to produce the Second resonating digital Signal. 

27. The RF transmitter of claim 22, wherein the quantizer 
comprises: 

a dither module operably coupled to generate a dither 
digital signal; 

an addition module operably coupled to add the dither 
digital Signal and the resonating digital Signal to pro 
duce a dithered resonating digital Signal; and 

a Single-bit quantizer operably coupled to produce the 
quantized signal from dithered resonating digital Sig 
nal. 
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28. The RF transmitter of claim 22 further comprises: different frequencies than the frequencies of the poles 
of the first resonating Stage, and wherein the quantizer 
Stage quantizes the Second resonating digital Signal to 
produce the quantized signal. 

a Second resonating Stage operably coupled to resonate 
the resonating digital Signal to produce a Second reso 
nating digital Signal, wherein the Second resonating 
Stage has poles at a frequency above Zero Hertz and at k . . . . 


